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Abstract — We consider two uniploar OFDM techniques for 
optical wireless communications: asymmetric clipped optical 
OFDM (ACO-OFDM) and Flip-OFDM. Both techniques can be 
used to compensate multipath distortion effects in optical wireless 
channels. However, ACO-OFDM has been widely studied in the 
literature, while the performance of Flip-OFDM has never been 
investigated. In this paper, we conduct the performance analysis 
of Flip-OFDM and propose additional modification to the original 
scheme in order to compare the performance of both techniques. 
Finally, it is shown by simulation that both techniques have 
the same performance but different hardware complexities. In 
particular, for slow fading channels, Flip-OFDM offers 50% 
saving in hardware complexity over ACO-OFDM at the receiver. 

Keywords: Flip-OFDM, Asymmetric Clipped Optical 
OFDM (ACO-OFDM), Optical Wireless Communications, In- 
tensity Modulation, Direct Detection. 

I. Introduction 

Orthogonal Frequency Division Multiplexing (OFDM) has 
been widely studied as a technology to compensate disper- 
sion effects in the optical wireless communication QJ. In 
optical wireless communication, intensity modulation with 
direct detection (IM/DD) technique is commonly used for 
data transmission. However, IM/DD communication is non- 
coherent (i.e. phase of the optical carrier can not be used to 
transmit information) and transmit signal must be real and pos- 
itive. These additional constraints require some special care, 
if OFDM is to be used in optical wireless communications, 
since the equivalent baseband time-domain OFDM signal is 
usually complex. 

The most common technique to generate a real time-domain 
signal is to preserve the Hermitian symmetry property of 
the OFDM subcarriers at the expense of loosing half of the 
available bandwidth. Although this technique produces a real 
time domain signal, this signal is bipolar and needs to be 
converted into unipolar signal before the transmission. The 
traditional method of converting the bipolar OFDM signal into 
an unipolar symbol is to add a DC bias. This is known as 
DC-offset OFDM (DCO-OFDM) \ \\. However, the amplitude 
of the required DC bias depends on the peak to average 
power ratio (PAPR) of the OFDM symbol, and since OFDM 
has a high PAPR ratio, the amount of DC bias is generally 
significant. As shown in [2], the large DC-bias makes DCO- 
OFDM optical power inefficient. On the other hand, the use 



of lower DC bias makes large negative time samples clipped, 
which may result in considerable inter-carrier interference and 
out of band optical power. 

Asymmetric Clipped Optical OFDM (ACO-OFDM) pro- 
posed in O can avoid any DC bias requirement. In ACO- 
OFDM, only odd subcarriers carry information symbols and 
any negative values are clipped at the transmitter. It is shown 
in that clipping the time domain signal does not distort 
symbols in odd subcarriers, although their amplitude is scaled 
by a half. In g), 0, G), the performance of ACO-OFDM is 
compared to other modulation schemes such as on-off keying 
and DC-biased OFDM (DC-OFDM). The results suggest that 
ACO-OFDM has better power efficiency than any other mod- 
ulation scheme for optical wireless channels [2|. Performance 
of ACO-OFDM can be further improved by using bit loading 
schemes, as presented in |[6), Q. 

It can be seen that research community has followed ACO- 
OFDM as the main unipolar OFDM technique for optical wire- 
less communication. An alternative unipolar OFDM technique 
proposed in (SI has been largely ignored to the best of our 
knowledge. We will name this technique as Flip-OFDM. In 
Flip-OFDM, the positive and negative parts are extracted from 
the bipolar OFDM real time-domain signal, and transmitted 
in two consecutive OFDM symbols. Since the negative part 
is flipped before transmission, both subframes have positive 
samples. Flip-OFDM is thus a unipolar OFDM technique that 
can be used in optical wireless communications. 

This paper provides three main contributions: (i) we review 
and analyze Flip-OFDM; (ii) we suggest further improvements 
to Flip-OFDM; (iii) we finally compare the performance and 
complexity of Flip- and ACO-OFDMs. 

II. System model 
A. Optical Wireless Channel 

A block diagram of a typical IM/DD based optical wireless 
communication system is shown in Fig. Q] In most optical 
wireless applications, an infrared emitter is used as optical 
transmitter to generate optical signal x(t). This signal repre- 
sents the intensity of the optical carrier transmitted over optical 
wireless channel. At the receiver, a photodetector collects the 
optical signal and converts it to an electrical current y(t). 

In general, the optical wireless link can be operated in 
two modes: directed and non directed (or diffused) J9)- In 
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Fig. 1. Equivalent based band channel model for IM/DD optical wireless 
channels 



directed optical wireless link, the contribution of the Line-of- 
Sight (LOS) is dominating and an additive white Gaussian 
noise (AWGN) channel model is appropriate [10|. However, 
the AWGN assumption is no longer valid for diffused optical 
wireless channels, where no strong LOS is present. The optical 
wireless channel is modeled as a linear baseband system l9| , 
ifTD . as shown in Fig.Q] Given the channel impulse response 
and noise component h{t) and n(t), respectively, the received 
electrical signal can be given as, 



y(t) = x(t) * h(t) + n(t) 



(1) 



where * denotes convolution. 

1 ) Diffused Optical Wireless Channel Model: In this case, 
the propagation of optical power along various paths of 
different lengths contributes to the multipath distortion. As 
stated in ifTTl . using series of Dirac delta functions, the impulse 
response of a optical wireless channel can be modeled as, 
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2) Noise Model: In optical wireless communication sys- 
tems, the two dominant noise components are photon noise and 
receiver circuit thermal noise (9), IfTTl . The photon noise is due 
to the discreteness of photon arrivals, which is mainly due to 
background light sources. Although the received background 
light can be minimized through optical filtering, even in a 
well designed photo detector, it creates shot noise. Since the 
background light power is usually more powerful than the 
transmitted signal, the contribution of the transmitted optical 
signal to this shot noise is negligible J5J, IfTTl . Therefore, it is 
common to assume that the shot noise is independent of the 
transmitted signal and is modeled as white Gaussian. On the 
other hand, when there is no background light, the dominant 
noise source is the thermal noise from the receiver preamplifier 
and it is in both signal-independent and Gaussian. Thus, in 
both cases, the total noise can be well modeled as Gaussian 
and signal-independent. The power spectral density of the shot 
noise and thermal noise are given in (9). 

B. Flip-OFDM 

Fig. |2] shows a block diagram of a Flip-OFDM transmitter. 
Let X n be the transmitted QAM symbol in the n-th OFDM 
subcarrier. The output of Inverse Fast Fourier Transform 
(IFFT) operation at the fc-th time instant is given by 



x ( k ) = H X„exp( j2 ^ fc ) 



71=0 



N 



(5) 



where N is the IFFT size. If the symbols X n contained in each 
OFDM subcarrier are independent, the time domain signal 
x(k) produced by the IFFT operation is complex. This can 
be avoided by imposing the Hermitian symmetry property, i.e, 



where h n , No and Nd x At represent channel coefficients, 
number of paths and the maximum delay of the channel, 
respectively. There are two physical processes that produce 
multipath dispersion: i) the light captured through multiple 
reflections and ii) the light captured from single reflection. 

Alternatively, the exponential-decay model and ceiling- 
bounce model proposed in IfTTl are widely used to model both 
two multiple and single optical reflections. In the exponential- 
decay model, the channel impulse response due to multiple 
reflections is modeled as 



he(t) = ^e-±u(t) 



(3) 



where D and u(t) represent the rms delay spread of the mul- 
tiple reflections and unit step function, respectively. Further- 
more, in ceiling-bounce model, the channel impulse response 
is given by 

6a 6 

h c {t,a) = u < u(t) (4) 



where a = 12a/ ^D. 
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where * denotes complex conjugation. Hence, half of OFDM 
subcarriers have to be sacrificed to generate the real time- 
domain signal. The output of IFFT operation in (0 is then 
given as, 
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where X*, X and X N / 2 represent the conjugate symmetric 
QAM symbol of X n , the DC component and the QAM symbol 
of center carrier, respectively. In addition, to avoid any DC 
shift or any residual complex component in the time domain 
signal, Xq and X N / 2 m are set to zero. Flip-OFDM 
uses half of the total OFDM subcarriers to carry information 
so that the output of IFFT block is a real bipolar signal 
x(k) = x + (k) +x~(k), where the positive and negative parts 
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Fig. 2. Block Diagram of Flip-OFDM Transmitter 



Direct 
Detection 



Time De 

Multiplexing 

_J and CP 
Sampler ^removal 

I yM 

y(k) Polarity! 

Inverter! 



Delay 











Parallel 

to 
Serial 



' N/2-1 
Vn/2 



Y N/2-t 

V N/2-2 



QAM 
QAM 



QAM* 
QAM* 



QAM* 
QAM* 



Fig. 4. Block Diagram of Flip-OFDM Receiver 
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are defined as, 
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and k = 1, 2, AT. The positive signal x + (/c) is transmitted in 
the first OFDM subframe, while the second OFDM subframe 
is used to carry the flipped (inverted polarity) signal —x~(k), 
as shown in Fig. [2] Since the communication happens over a 
dispersive optical channel, cyclic prefixes of duration A are 
added to both OFDM subframes. The second OFDM subframe 
is then delayed by (N+A) and time multiplexed after the first 
one. All the samples in both subframes are unipolar OFDM 
symbols. In the original proposal of [8 1, the time samples after 
frame multiplexing are compressed in time by a factor two, to 
produce the same symbol duration of a single bipolar OFDM 
frame length (Fig. |3J. In the next section we will discuss the 
implication of such operation. We simply note here that the 
compressed guard interval should accommodate the full delay 
spread of the channel. At the Flip-OFDM receiver, the two 
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Fig. 3. Flip-OFDM Unipolar Frame 

received subframes are used to reconstruct the bipolar OFDM 
frame as shown in Fig. [4] The cyclic prefixes associated 
with each OFDM subframe are first removed and the original 
bipolar signal is regenerated as, 



y(k) = y + (k) - y (k) 



(9) 



where y + (k) and y~(k) represent the respective time samples 
belonging to first and second subframes. Fast Fourier Trans- 
form (FFT) operations are performed to recreate the bipolar 
signal in order detect the transmitted information symbols at 
the receiver. 
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Fig. 5. OFDM frame structure of ACO-OFDM and Flip-OFDM. We assume 
FFT and IFFT sizes of both ACO- and Flip-OFDM are the same. N denotes 
the FFT and IFFT size for each case. 



III. Comparison of ACO- and Flip-OFDM 

To make a fair comparison, we first modify Flip-OFDM [8| 
so that both ACO- and Flip-OFDMs have the same bandwidth, 
data rate, and the cyclic prefix length. We then compare 
some key parameters of both systems: i) spectral efficiency, 
ii) electrical domain signal-to-noise-ratio (SNR) and Hi) the 
expected Bit Error Rate (BER) performance. We assume that 
both systems are used on the same optical wireless channel 
with a given delay spread and that the channel is constant over 
two consecutive OFDM symbols. 

A. Modification of Flip-OFDM 

The Flip-OFDM in [ 8 1 performs compression of time sam- 
ples, so that it matches to the original unipolar symbol dura- 
tion, as shown in Fig. [3] Although the compression doubles 
the bandwidth and data rate, it reduces the length of the cyclic 
prefix by half when compared to ACO-OFDM. 

Different from [8|, we do not compress the two OFDM 
frames, as shown in Fig. [5] Hence, the cyclic prefixes are 
the same for both systems. Moreover, the bandwidth of both 
systems is the same, given the same FFT/IFFT sizes and 
sampling rates. 

B. Comparison of key parameters 

1) Spectral Efficiency (r)): Spectral efficiency is defined 
as the number of information bits per unit bandwidth and 
measured in [bits/Hz]. Both ACO- and Flip-OFDM sacrifice 
half of the spectrum in order to have a real bipolar time domain 
signal due to the Hermitian symmetry ©. In ACO-OFDM, 
only odd subcarriers are used to transmit information and only 
positive time samples are sufficient to extract the information. 
Hence, the spectral efficiency of ACO-OFDM is one fourth 
of what could be achieved in a typical OFDM system with 



complex signals, i.e., (1/4 x log 2 (M)). On the other hand, 
although Flip-OFDM uses both odd and even subcarriers, it 
needs two subframes to reconstruct the bipolar signal and to 
extract the information. Hence, Flip-OFDM uses twice the 
number of samples of ACO-OFDM to transmit twice as many 
information symbols. Therefore, we can conclude that the 
spectral efficiencies of both ACO- and Flip-OFDMs are the 
same. 

2) Electrical domain SNR and expected BER performance: 
The expected BER performance is directly related to electrical 
domain SNR, defined as E[x t 2 (k)]/a 2 , where E[x t 2 (k)j gives 
the energy of the transmitted signal Xt(k) and a 2 represents 
the variance of the electronic noise. We can see that this elec- 
trical domain SNR depends on two parameters: i) equivalent 
electrical energy per symbol and ii) noise power, as discussed 
below. 

• As a result of the asymmetric clipping in ACO-OFDM, 
half of the transmitted energy is shifted to even sub- 
carriers as clipping noise Q3J, JU. Hence, each OFDM 
subcarrier has an average equivalent electrical energy of 
E[x 2 (k)], and only the in odd subcarriers carry useful 
information. Thus half of the transmitted energy appears 
to be wasted. On the other hand, in Flip-OFDM, the 
equivalent electrical energy per symbol spread across the 
two OFDM symbols. At the receiver, this spread electrical 
energy is recombined during the regeneration of bipolar 
OFDM symbol. Therefore, the equivalent electrical en- 
ergy per symbol is 2 x E[x 2 (k)], and is twice of that in 
ACO-OFDM. However, as shown later, the noise power 
is also doubled during the regeneration of the bipolar 
OFDM symbol and thereby both schemes have the same 
electrical domain SNR. 

> Unlike ACO-OFDM, although transmitted energy is not 
wasted in Flip-OFDM, the noise power is doubled during 
the recombination of positive and negative components. 
In Flip-OFDM, assuming that iJ+ and H~ represent 
channel responses of n-th OFDM subcarrier over two 
subframes, the outputs of the n-th OFDM subcarrier in 
the two subframes are, 



TABLE I 
Simulation parameters 



Y+ 

n 

Y- 



—H„ X„ + Z„ 



(10) 

(11) 



where Z+ and Z~ represent the noise components of 
n-th OFDM subcarrier. If we assume that the channel 
is constant over two consecutive OFDM symbols (i.e. 
H+ = H- = H n ), then the addition of ^ and O 
gives, 



= H n X n + {Z+ + Z-} 



(12) 



and standard channel equalization can be used to detect 
original symbols. As seen in (11211 . the noise power of re- 
ceived symbol has been doubled even though transmitted 
symbols energy is not wasted. 
In summary, we can see that both ACO- and Flip-OFDM 
shall have the same BER performance in the electrical domain. 
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Specifically, in ACO-OFDM, as a result of the asymmetric 
clipping, half of transmitted energy is shifted to even subcar- 
riers. On the other hand, in Flip-OFDM, although transmitted 
energy is fully usable, the noise power is doubled during the 
regeneration of bipolar OFDM symbol at the receiver. 

IV. Simulation Results 

In this section, we compare the BER performance and 
hardware computation complexity of both ACO- and Flip- 
OFDMs. 

A. BER 

In Fig. |6] we show the BER performance of ACO-OFDM 
and Flip-OFDM for Direct AWGN and Diffused optical wire- 
less channels. The summary of key simulation parameters are 
given in Table U The optical wireless channel is normalized 
so that ||/i(t)|| 2 = 1 in diffused mode of operation. It can be 
seen that electrical BER performance are the same for ACO- 
OFDM and Flip-OFDM in both AWGN and diffused wireless 
optical channels. 
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Fig. 6. Bit error rate comparison of ACO and Flip-OFDM. Half of the 
channel coefficients in ^2) generated with Ceiling-Bounce Model and other 
half with Exponential-Decay Model. h n in is uniformly distributed from 
to h e (t) or h c (t, a). Key simulation parameters are given in Table|I] 



TABLE II 

Hardware computation comparisons 



ACO-OFDM 



Flip-OFDM 



Transmitter N log(iV) 
Receiver 2iVlog(A r ) 



Nlog{N) 
Af log(AT) 



B. Complexity of TX and RX operations 

We define complexity as the number of FFT/IFFT oper- 
ations in the transmitter or the receiver. Table [IT] provides 
a comparison of the hardware computation complexities in 
the transmitter and the receiver sites. At the transmitter, we 
see that both schemes have the same hardware computation 
complexities, if the IFFT operation in the ACO-OFDM is 
optimized by the fact that half of the subcarriers are set to zero. 
However, at the receiver, Flip-OFDM has a 50% of hardware 
computation savings compared to ACO-OFDM. 



We analyzed a unipolar OFDM technique, named Flip- 
OFDM, which has been largely ignored in the open literature. 
We modified the Flip-OFDM and made comparisons with 
ACO-OFDM in terms of Bit Error Rate (BER) performances, 
spectral efficiencies and hardware computation complexities. 
We showed that both schemes have the same spectral efficien- 
cies and BER performance in electrical domain but different 
hardware computation complexities. In particular, for slow 
fading, Flip-OFDM has a saving of 50% in receiver complexity 
over ACO-OFDM. 
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